We have used cloned EcoRI fragments of the human CMV (HCMV) genome, strain AD169, to prepare restriction endonuclease maps of the DNA. Individual 32P-labeled cloned fragments were hybridized to Southern blots of HCMV DNA cleaved to completion with the restriction endonucleases BglII and Hindlll and cleaved partially with EcoRI. By determining which EcoRI fragments hybridized to the same band on a Southern blot, we were able to establish linkage groups. This information coupled with the data derived from digestion of the cloned fragments with the enzymes BglII and Hindlll (Tamashiro et al., J. Virol. 42:547-557, 1982) Human cytomegalovirus (HCMV), a member of the herpesvirus group, has been associated with a large variety of diseases, including cytomegalic inclusion disease of newborns, mononucleosis, postperfusion syndrome in patients receiving multiple blood transfusions, interstitial pneumonia in immunocompromised individuals, and possible oncogenesis. The medical significance of this virus coupled with its ability to establish permissive, persistent, and latent infections makes it essential to understand its molecular biology.
regions can invert relative to each other.
Human cytomegalovirus (HCMV), a member of the herpesvirus group, has been associated with a large variety of diseases, including cytomegalic inclusion disease of newborns, mononucleosis, postperfusion syndrome in patients receiving multiple blood transfusions, interstitial pneumonia in immunocompromised individuals, and possible oncogenesis. The medical significance of this virus coupled with its ability to establish permissive, persistent, and latent infections makes it essential to understand its molecular biology.
The structures of the herpesvirus genomes in general are complex. The results of numerous studies involving electron microscopy, partial denaturation mapping, and restriction endonuclease mapping have indicated that herpesvirus genomes are characterized by tandem repeats, inverted repeats, and unique sequences which may be arranged in a variety of ways. The mapping data presented in this paper for HCMV strain AD169 support electron microscopic observations and mapping experiments of others which suggest that HCMV has a structure similar to that of herpes simplex virus (8, 17) . The HCMV DNA appears to consist of two components designated L (long) and S (short). The L component consists of a unique segment, UL (-174 kilobases [kb] ), bounded by inverted repeat sequences of 11 to 12 kb each. The S component contains the unique sequence Us (-38 kb), also flanked by inverted repeat sequences approximately 2 kb in length. Furthermore, the unique sequences Us and UL may be relatively inverted in different DNA molecules within the population such that four genome arrangements are possible.
Because the HCMV DNA genome is large (150 x 106 to 160 X 106 Mr; 2, 3, 8, 9) , viral gene expression is likely to be complex. Studies on the molecular biology of this virus can be greatly simplified by (i) having access to large quantities of pure subgenomic DNA fragments for use as hybridization reagents and (ii) having some understanding of the structural organization and arrangement of these subgenomic fragments on the viral DNA genome. In the preceding paper, we described the cloning and characterization of all of the EcoRI restriction fragments of the AD169 strain of HCMV (15) .
The goal of the experiments presented in this paper was to study the structural organization of the HCMV genome and to determine the order of the cloned EcoRI DNA fragments on the HCMV genome. While this work was in progress, Westrate and his co-workers, before the publication of their work, graciously made available to us the results of their mapping studies with the restriction endonucleases HindIII and BglHI (17) . In their studies, they used the technique of cross-blot hybridization to detect homologies between different BglII and HindIII fragments. This information coupled with the results of the digestion of separated HindIII and BglII fragments with either BglII or HindIII, respectively, formed the basis of their maps. In several cases, however, we found that their arrangement of the BglII and HindIII fragments was not consistent with our data obtained from hybridization experiments with cloned EcoRI fragments. These discrepancies were most notable for the left half of the UL segment and for the terminal fragments. We attribute most of the differences in the maps to alternative interpretations of the cross-blot hybridization data and to the increased sensitivity afforded by the hybridization and double digestion of cloned subgenomic fragments. In this paper, we present the order of the EcoRI, BglII, and HindIII fragments.
MATERIALS AND METHODS
Cells, vruses, and purification of HCMV and ceUular DNA. The procedures for growing human embryonic lung cells, infecting the cells with HCMV strain AD169, and purifying the viral DNA have been described by Tamashiro et al. (15) . To prepare 32p_ labeled HCMV DNA, infected cells were exposed to 50 ,uCi of 32PO4 per ml in low-phosphate (0.01 mM sodium phosphate) Earle minimal essential medium supplemented with 3% dialyzed calf serum for 4 days before harvesting the extracellular virus. High-molecular-weight uninfected and infected cell DNA was extracted according to procedures described by Hughes et al. (5) . The high-molecular-weight intracellular HCMV DNA was purified from infected human embryonic lung cells 4 to 5 days after the cells showed 80%o cytopathic effect and was enriched for viral sequences by isopycnic cesium chloride centrifugation. The equilibrium density of HCMV DNA (1.716 g/ ml) differs sufficiently from that of human cell DNA (1.699 g/ml) to permit separation of the viral DNA from the majority of the cell sequences.
Growth, purification, and labeling of HCMV DNA from recombinant DNA clones. Colonies ofEscherichia coli strain HB101 containing recombinant HCMV plasmids were picked from a freshly streaked agar plate into 100 ml of nutrient broth containing tetracycline (20 p.g/ml) and grown overnight at 37°C. Bacterial pellets were prepared by centrifugation of the culture at 6,000 rpm for 5 min in an RC-5 low-speed centrifuge at 4°C. Each pellet was suspended in 7.5 ml of 25% sucrose, 50 mM Tris-hydrochloride, pH 8.0, and 2.5 ml of lysozyme (10 mg/ml) in 25% sucrose-50 mM Tris-hydrochloride, pH 8.0, was added. The mixture was swirled gently and placed on ice for 15 to 30 min, and 3.5 ml of 0.25 M EDTA, pH 8.0, was then added slowly. After the lysate was placed on ice for an additional 10 to 12 min, 3.75 ml of 2% Sarkosyl in TES (50 mM Tris-hydrochloride, pH 8.0, 50 mM NaCl, and 5 mM EDTA) was added, and the lysate was kept on ice for 15 to 45 min. The volume was then adjusted to 22.5 ml with TES, and CsCl (23.1 g) was added. After the addition of 2.5 ml of ethidium bromide (5 mg/ml) in TES, the mixture was centrifuged to equilibrium, using a Ti6O rotor at 40,000 rpm for 60 h at 20°C. The superhelical recombinant plasmid DNA was collected, the ethidium bromide was removed by successive extractions with isoamyl alcohol, and the solution was dialyzed against 5 mM Tris-hydrochloride-0.1 mM EDTA, pH 7.2. The isolated recombinant plasmids were then cleaved with EcoRI restriction endonuclease, and the fragments were separated by electrophoresis through 0.8% Seaplaque agarose (gels buffered with TEA [40 mM Tris-hydrochloride, 20 mM sodium acetate, 18 mM NaCl, and 2 mM EDTA, pH 8.1]) to separate the plasmid from the HCMV insert. The band containing the EcoRI HCMV DNA fragment was excised from the gel and purified away from the Seaplaque agarose according to the procedure described in the accompanying paper (15) . To label the DNA to a high specific activity (-10k cpm/,Lg) with [32P]dCTP, we used the nick translation procedure of Rigby et al. (12) .
Digestion of HCMV DNA with restriction endonucleases and electrophoresis of the DNA samples. Purified cytomegalovirus DNA was digested to completion with the restriction endonuclease EcoRI, BgII, or HindIll as described by Tamashiro et al. (15) . Highmolecular-weight infected cell DNA enriched for HCMV sequences was digested partially with EcoRI endonuclease. The extent of the digestion was monitored by removing a small portion of the reaction, which was then added to a tube containing 1 Fg of lambda DNA. The test samples were incubated in parallel with the digests containing only HCMV DNA for 1 h at 37°C. To terminate the reactions, all samples were heated to 65°C for 10 min. The test samples were analyzed by electrophoresis in 0.8% agarose gel, and the DNA was visualized by staining with ethidium bromide followed by transillumination with a UV light source. The reactions were judged to be complete if only the appropriate set of restriction fragments for lambda DNA were observed.
The HCMV DNA samples were analyzed by elec- 1 h at 55°C, and five to eight times in rapid succession with 0.1 x SSC at room temperature. The filter strips were dried, placed in exact parallel with other strips cut from the original filter, and subjected to autoradiography in the presence of a Lightning Plus intensifying screen at -70°C. The filter strip containing the HCMV DNA uniformly labeled with 32P and cleaved with the same restriction endonuclease allowed identification of each of the hybridized bands. In some cases, we also used HCMV restriction endonuclease fragments that were endlabeled with [_y-32P]ATP and kinase as described in the accompanying paper (15 10 mM dithiothreitol, 30 mM NaCl, 1.7 mM ATP, and 10 U of ligase (Bethesda Research Laboratories). After incubation at 4°C for 48 h, the reaction was passed through a 20-ml column of Sephadex G-75 in buffer containing 0.1 M NaCl, 10 mM Tris-hydrochloride, pH 8.0, and 10 mM EDTA to remove unincorporated label and the majority of the low-molecular-weight linkers. The high-molecular-weight HCMV DNA with attached linkers was then precipitated with ethanol three times and electrophoresed through 0.8% Seaplaque agarose in TEA buffer. The band of high-molecular-weight DNA was excised and purified from the agarose by passage through a column of benzoyl-naphthol-DEAE-cellulose. After ethanol precipitation, the DNA was cleaved with the restriction endonuclease EcoRI and analyzed by electrophoresis in a 0.8% agarose slab gel. A sample of uniformly 32P-labeled HCMV DNA digested to completion with EcoRI endonuclease was electrophoresed in a parallel lane. After electrophoresis, the gel was soaked in 95% ethanol for 3 h, vacuum dried, and autoradiographed in the presence of a Lightning Plus intensifying screen at -700C.
RESULTS
Fragments generated by cleavage of the genome with restriction endonucleases EcoRI, BglII, and HindHI. Table 1 lists the fragments generated by cleavage of the HCMV genome with the restriction endonucleases EcoRI, HindIII, and BglII. For EcoRI, there were at least 35 fragments generated; for HindIII, 29 fragments; and for BglII, 33 fragments. These restriction endonuclease patterns are identical to those published previously for HCMV strain AD169 (7, 17) . We have assigned unique letters to each of these fragments, including all possible termini and L-S joint fragments. It should be noted that the letters given in Table 1 (2, 3, 6, 8, 9) .
Identification of the EcoRI fragments at the termini of the genome. For the identification of the terminal fragments of the HCMV DNA genome, we found it necessary to develop a method which would circumvent the problem of a nicked genome. If the genome contains numerous nicks, methods which involve either the labeling of 5' ends or processive digestion from the 3' ends of the DNA will produce ambiguous results. We therefore used a method which utilized synthetic DNA linkers (octomers) bearing an EcoRI restriction site. These synthetic linkers were phosphorylated to high specific activity with [-y-32P]ATP and kinase and covalently attached to the ends of the HCMV DNA by blunt-end ligation, using T4 ligase. In some cases we treated the HCMV DNA with exonuclease VII before ligation to ensure blunt ends. Treatment with exonuclease VII, however, had no effect on the results. After ligation, the HCMV DNA attached to linkers was cleaved with the endonuclease EcoRI, and the fragments were separated by electrophoresis through agarose. The gels were vacuum dried and autoradiographed in the presence of intensifying screens. Only the EcoRI fragments at the end of the genome became labeled (Fig. 1) . On the basis of these experiments, we could identify three major terminal fragments with molecular weights of approximately 5.8 x 106 (8.8 kb), 5.0 x 106 (7.6 kb), and 2.8 x 106 (4.2 kb). Only the 8.8-kb fragment (fragment L) could be distinguished as a The molecular weights were determined from the electrophoretic migration of the fragments through 0.8% agarose and from double-digestion data presented in Table 2 of the accompanying paper (15) .
b The BglII and HindIII 0.25 M joint fragiments were not readily distinguishable on our gels. Therefore, the molecular weights were determined from summation of the EcoRI fragments contained within these joints. The letters in parentheses indicate the two terminal fragnents contained within the joint. c The values given represent the molecular weights of the major terminal fragments. As discussed in text, the termini and joints are heterogeneous in size.
d Fig. 2C and 2D for EcoRI-F) yielded three fragments with different but constant molecular weights (P2, P3, and P4 from EcoRI-H and P12, P13, and P14 from EcoRI-F) and one fragment with variable molecular weight (Pl from EcoRI-H and Pit from EcoRI-F). The fragments Pt and Pit appeared to be identical since they cross-hybridized, and when cleaved with BamHI, both generated fragment B2 and a second fragment whose molecular weight was variable (data not shown). We are at the end of the joint pieces and are directly linked to the plasmid before cleavage by EcoRI (data not shown). Therefore, Pt, P1t, and B2 are from a region common to both EcoRI joint pieces F and H and contain part of the terminal repeat bounding the UL sequence. In addition, Pt and P11 include the heterogeneous L-S junction. PvuII fragments P12 and P2 also crosshybridized (data not shown). Since the molecular weight of P2 fragments from all EcoRI-H joint pieces was constant but differed from the molecular weight of P12 fragments, the simplest interpretation of the data is that P2 and P12 include segments from the junction of the Us and S repeat segments of the genome and that the repeats bounding the S region of the genome are inverted. PvuII fragments P3, P4, P13, and P14 arose from the Us region of the genome. Since PvuII fragment P14 was cleaved by HindIII (lane 2 of Fig. 2C and 2D), we placed this fragment at one end of the joint piece. The order of PvuII fragments P3 and P4, however, is uncertain. In Fig. 3 (Fig. 6 ). In Fig. 4 we show that each joint piece could be independently used to identify all of the EcoRI terminal and joint fragments. Both joint fragments hybridized to multiple EcoRI fragments, including the two joints F and H and the terminal fragments L, N, and W (Fig. 4) . There was also hybridization to multiple minor fragments resulting from heterogeneity at the termini and joints of different HCMV DNA molecules. As discussed in the preceding paper (15) , this heterogeneity in the joint fragments was also revealed in the set of recombinant clones obtained for the joint pieces. The exact nature of the heterogeneity is currently under investigation in our laboratory. It should be noted that in Fig. 1 we saw only the major termini blunt-end ligated to the labeled EcoRI linkers. The minor fragments were below the limits of detection in that experiment.
When the joint pieces were hybridized to The major fragments generated by cleavage of the EcoRI joint pieces F (clone no. 360) and H (clone no. 310) with PvuII, BamHI, and HindlIl are shown in relation to the EcoRI, BgIII, and Hindlll terminal fragments which in their inverted orientation comprise the joint. The letters in parentheses in the long repeat indicate the BgIII and HindlIl terminal fragments from the opposite orientation of the long segment of the genome. The letters in quotation marks have been arbitrarily assigned to the fragments in the joint piece for identification purposes only (see Table 2 ). All other letters are those assigned to the fragments in relation to the map of the entire genome. The portion of the EcoRI joint piece containing sequences from the long and short repeat are indicated by the slanting lines.
Southern blots of HCMV DNA cleaved with BglII, the terminal fragments E, F/G, and I could be detected ( Fig. 5 and 7) . The joint pieces also hybridized to HindIII terminal fragments H/ I, K, and Q ( Fig. 6 and 8 ). In addition, there was hybridization of the EcoRI joint pieces to some higher-molecular-weight HindIII fragments which probably represented the HindIII joint pieces. It should be noted that we could detect stepwise heterogeneity in the HindIII-Q fragments. The other HindIll and BglII terminal fragments were too large to be resolved on our gels into their multiple components and appeared instead as diffuse bands.
To align the EcoRI, BgIH, and Hindlll terminal fragments, representative restriction endonuclease fragments generated by cleavage of EcoRI joint pieces F and H with BamHI, HindIII, and PvuII (indicated by an asterisk in Table 2 ) were eluted from gels, nick translated to a high specific activity, and hybridized to Southern blots of HCMV DNA cleaved with EcoRI ( Fig. 4 .,l P,, P4 H; h ", pi
Hybridization of 32P-labeled subfragments of the L-S junction to Southern blots of HCMV DNA cleaved with EcoRI. Identical strips from a preparative Southern blot containing the EcoRI fragments of HCMV DNA were hybridized with cloned HCMV EcoRI fragments f, a, h, 0, F, and H and with the restriction endonuclease subfragments of EcoRI joint pieces F and H described in Table 2 . These fragments include sequences from the long and short inverted repeats as well as the unique sequences adjacent to the repeats. The 32P-labeled probe used for the hybridization is indicated at the top of each strip. The filter strip labeled "CMV" represents EcoRI-cleaved HCMV DNA fragments which were end-labeled with 32P and subjected to electrophoresis in a parallel lane of the gel. The letters along the right sides of the autoradiogram mark the positions of the HCMV EcoRI joint pieces F and H and terminal fragments L, N, and W.
terminal fragments and not to the higher-molecular-weight joint pieces, since the transfer of these higher-molecular-weight BglII and HindIII joint fragments to nitrocellulose filters was inefficient and thus could not be distinguished as separate bands on our filters.
The PvuII fragments P3 and P4, which are unique to EcoRI joint piece H, hybridized to a heterogeneous set of EcoRI fragments comprising joint piece H and terminal fragment N. They also hybridized mainly to the terminal fragments BglII-I and HindIII-H/I (which we will designate as HindIII-H). Thus, the terminal fragments BglII-I, HindIII-H, and EcoRI-N were colinear at one end of the S segment. In the inverted orientation of the S segment, EcoRI fragment L also mapped at the terminus. As expected, the PvuII unique fragments P13 and P14 and the HindIII unique fragment H2 ofEcoRI joint piece F hybridized to the heterogeneous set of EcoRI fragments comprising joint piece F and the terminal fragment L. The PvuII unique fragment P13 also hybridized to the terminal fragments HindIII-Q and BglIH-F/G (we will designate it BglII-F). Thus, EcoRI-L, HindIII-Q, and BglII-F all mapped at the same terminus. PvuII fragment P14 and HindIII fragment H2 hybridized to BglII fragment F and to the internal HindIII fragment X. Thus, HindIII-X was adjacent to HindIII-Q and shared sequences with EcoRI-L and BglII-F. We have presented evidence above suggesting that the PvuII fragments P2 (from joint H) and P12 (from joint F) include sequences from the junction of the Us and S repeat segments of the genome. The finding that both P2 and P12 hybridized to the terminal fragments EcoRl-L and -N, BgII-I and -F, and HindIII-H and -Q further supports these map positions.
We mapped the small BamHI fragment B2 common to both joint pieces in the repeat bounding the UL segment of the genome. The hybridization data added further support to this map position. ments H/I and K, but only to a limited extent to BglII fragment I and HindIII fragment Q. The simplest interpretation of these data is that the heterogeneous fragments from both joints flanked the junction of the L-S repeats, with only a small portion of the S repeat represented in the heterogeneous fragments. In summary, the results of our experiments suggested that EcoRI fragment W was located within the terminal repeats flanking the UL region and was colinear with HindlIl fragment I and BglII fragment E at one end and with HindlIl fragment K and BglII fragment G at the other end. EcoRI fragments L and N bound the Us region such that EcoRI fragment L was colinear with HindIll fragments Q and X and BglII fragment F, and EcoRI fragment N was colinear with HindlIl fragment H and BglII fragment I (see Fig. 12 ).
Strategy for mapping the HCMV genome. The primary source of data for the construction of the restriction endonuclease maps (summarized in Fig. 12 ) came from the hybridization of each of the 32P-labeled cloned EcoRI fragments to identical nitrocellulose filter strips of HCMV DNA cleaved to completion with BglII ( Fig. 7 and Table 6 ) and HindIII ( Fig. 8 and Table 7 ) and cleaved partially with EcoRI (Fig. 9) . By determining which cloned EcoRI fragments hybridized to the same BglII, HindIII, or partial EcoRI fragments, we could construct linkage maps. The nitrocellulose filter strips in Fig. 7 through 9 have been arranged from left to right in the prototype linkage order of the labeled cloned fragments used for the hybridization (beginning with fragments representing the S segment of the genome). We also localized more precisely the BglII and HindIII restriction sites within the EcoRI fragments by cleaving each cloned EcoRI fragment with either BglII or HindIll and determining the molecular weights of the given fragments after separation by agarose gel electrophoresis. The results of these double-digestion experiments are summarized in Table 2 Ni. preceding paper (15) . Finally, we compared our results with the double-digestion and cross-blot hybridization data reported by Westrate et al. (17) . In their paper, they separated BglII and HindIII fragments and further cleaved them with HindIII and BglII, respectively (see Tables 1 and 2 in reference 17 for summary). They also identified homologies between different BglII and HindIlI fragments, using the technique of cross-blot hybridization (see Table 4 wdi.
-.-B. ambiguous, their data, in general, do not conflict with ours. We attribute the differences in our BglII and HindIII maps mainly to alternative interpretations of the cross-blot hybridization data and to the increased sensitivity afforded by the hybridization and double digestion of cloned DNA fragments. The detailed analysis which allowed the construction of the linkage groups will be presented below.
Us region (EcoRI fragments B, T, and X) and (Fig. 4 , 5, and 6; Tables 3, 4 , and 5). The results of the hybridization of EcoRI fragments 0 and a are also shown in the composite figures representing the entire genome ( Fig. 7 and 8 Tables 5 and 7) as well as to some highermolecular-weight bands, most likely representing the Hindlll joint pieces. It also hybridized to terminal BglII fragments F/G and E ( Fig. 5 and  7 ; Tables 4 and 6 ). EcoRI fragment h (Mr = 0.56 x 106) is located to the left of EcoRI fragment 0. This fragment has an EcoRI site in both the repeat and the UL region. As can be seen in Fig. 4 , EcoRI fragment h cross-hybridized with EcoRI fragment a (M, = 2.3 x 106), which we mapped at the other end of the UL region and which also included part of the repeat bounding the UL segment. We assume that the cross-hybridization was due to the fact that the repeats bounding the UL region were inversions of each other, but we have not rigorously proven this. EcoRI fragment h hybridized to the terminal HindlIl fragments I and K and BgIII fragments E and G ( Fig. 5 and 6 ; Tables 4 and 5 ). Due to the small size of this fragment, we cannot detect in our autoradiograms hybridization to the higher-molecularweight bands which would comprise the joint pieces. (Fig. 7 and Table 6 ). Since EcoRI fragment K also hybridized to BglII fragment V, we mapped EcoRI-K to the far left. To determine the map position of the other EcoRI fragments hybridizing to BglII fragment E, we examined the hybridization of these fragments to partial EcoRI digests (Fig. 9 ) and complete HindIII digests (Fig. 8) Fig. 9 HindIII-K was a terminal fragment flanking the UL region. As discussed above, since EcoRI fragment c also hybridized to Hindlll fragment N, we mapped EcoRI fragment c to the left of EcoRI fragment K. EcoRI fragments c, Y, and S also hybridized to one of the BglII fragments in the group J/K/L/M (we will designate it BglII-J). EcoRI fragment S also hybridized faintly to BglII fragment 0. The presence of a BglII site in EcoRI-S was further indicated by the observation that digestion of cloned EcoRI-S with BglII reduced its size from 3.45 x 106 to 3.25 x 106 ( Table 2 of reference 15). Since EcoRI fragments Q and b (Mr 1.9 x 106) also shared sequences with BglII fragment 0, we ordered the EcoRI fragments from right to left as K, c, Y, S, Q, b. Examination of the hybridization data (Fig. 8) revealed that EcoRI fragment Q hybridized to both HindIll fragments J and Z, whereas EcoRI fragment b hybridized to one of the HindIII fragments L/M (we will call it M). Although we could not detect hybridization of EcoRI fragment b to HindIll fragment Z, we believe that there is some overlap since cleavage of EcoRI fragment b with HindlIl (Table 2 of reference 15) reduced the size of this fragment by about 0.1 x 106 Mr. Thus, we ordered the HindIII fragments from right to left as N, J, Z, M. EcoRI fragments Z (Mr = 2.4 x 106) and E (Mr = 10.3 x 106) both hybridized to Hindlll fragment M and BglII fragment U. In addition, EcoRI fragment E hybridized to one of the HindIII fragments E/F (we will arbitrarily designate it HindIII-E) and to BglII fragments T,g (the hybridization to BglII-g is not shown in Fig. 7 ) and J/K/L/M (we will designate it K). On the basis of this information, we mapped EcoRI fragment Z between EcoRI fragments E and b and HindlIl fragment M between HindIII fragments Z and E. We also ordered the BglII fragments as J, 0, U, g, T, K, but the order of T and g might be reversed. As can be seen in Fig. 9 , the hybridization of the The ifiter strip labeled 106 was hybridized with "P-labeled cosmid no. 106 DNA.
fragments S,T, and X,Y the cosmid contained. Therefore, the cosmid DNA was cleaved with EcoRI, and the fragments were separated by electrophoresis through agarose and transferred to nitroceliulose filters. We then hybridized our labeled cloned fragments individually to Southern transfers of the cosmid DNA (Fig. lOB) . These hybridizations confirmed that fragments E, Q, Z, b, and c as well as fragments S and Y were contained in this cosmid. The small amount of hybridization seen to a fagment comigrating with EcoRI fragment Q represented cross-hybridization of some contaminating plasmid pACYC184 with the plasmid portion of the cosmid. In summary, the presence of these seven EcoRP fragments in a single cosmid provided additional evidence for their linkage. We have established that EcoRI fragment P contains a HindIII site (see Table 2 of reference 15) and thus shares sequences with both HindIII-D and HindIII-E. To determine the order of the EcoRI fragments in HindIII-D, we used our BglII hybridization data as well as some of the cross-blot hybridization data of Westrate et al. (17) . EcoPJ fragment P, in addition to hybridizing slightly to BglII fragment Z, hybridized to BgIII fragments Y, a, b or c (we will call it c), and Q or R (we will designate it R). Since Westrate et al. (17) (Fig. 11A ). These bands corresponded to an EcoRI fragment in the group AIB/C/D, fragment E, a fragment in the group F/G/H/I, a fragment in the group M/N, a fragment in the group O/P/Q, and fragment U. To determine which fragments were contained in the cosmid, we hybridized labeled cloned EcoRI fragments individually to a Southern transfer of the cosmid after cleavage with HindIII (Fig. liB) (8) .
In the past, the construction of restriction endonuclease maps involved cross-blot hybridization and comparisons of fragments produced with different enzymes, partial cleavages, and recleavage of isolated fragments with a second enzyme. Although feasible with small genomes, these experiments were inherently difficult with large DNA genomes such as HCMV. It was impossible to find enzymes which cleaved such genomes only a limited number of times and to fractionate and isolate the many comigrating fragments. Most fragments isolated from gels were still contaminated with variable amounts of sequences from the remainder of the genome. This sequence contamination often led to ambiguous results when the isolated fragments were used in hybridization or double-digestion experiments. The use of cloned fragments has eliminated these problems. The identification of terminal fragments for large genomes has also been a problem for herpesvirus genomes. Traditional methods, which involved processive digestion with or without repair synthesis or end labeling, often led to uninterpretable results, especially if the genome contained many nicks and gaps. The method used in this paper, which involved bluntend ligation of 32P-labeled EcoRI linkers to the ends of the genomes followed by digestion with EcoRI and fractionation by electrophoresis through agarose, permitted an unambiguous identification of the terminal EcoRI fragments. These results were later confirmed when cloned fagments representing the L-S junction were obtained. These joint fragments represented the termini in the inverted orientation of the genome. Blot hybridization experiments with subfragments from these cloned joint pieces allowed us to identify the BgIII and HindIII terminal fragments and to align them with respect to the EcoRI termini. For the enzymes BglII and HindIII, four terminal fragments were detected, whereas for EcoRI, only three major terminal fragments were detected. These results conform to predictions of restriction endonuclease cleavage products assuming the presence of four related genomes with relative inversion of the S and L regions. BglII and HindIII cleave within the unique regions of L and S, resulting in four terminal fragments, whereas EcoRI cleaves within one set of repeats (those bounding the UL region) and also within the unique regions of S.
From our results, however, we cannot be certain that all four possible orientations are presented equally in the population of HCMV molecules. According to the model originally developed for the herpes simplex virus genome, when an endonuclease cleaves only within the unique sequences, the presence of four 0.25 M joint fragments and four 0.5 M terminal fragments in the electrophoresis pattern indicates that four equimolar orientations of the DNA molecules are possible (1, 4) . With HCMV, we can discern submolar fragments. However, their molarity is difficult to determine for two reasons. First, many of the submolar fragments are large and comigrate with other fragments. Second, there appears to be heterogeneity in the sizes of the terminal and the joint fragments such that they form a stepwise pattern on gels.
The heterogeneity in the terminal and joint fragments has also been observed for herpes simplex virus (10, 11, 14, 16) and the Towne strain of HCMV (8) . LaFemina and Hayward (8) have presented preliminary data which indicate that the two terminal fragments from the S region of the Towne HCMV genome (in the two possible orientations) can each be resolved into at least three subspecies differing in size by 750 base pairs, with the intermediate-sized subspecies being the most abundant. Our results demonstrate that a similar situation exists for the AD169 strain of HCMV. This pattern of three subspecies for the terminal fragments bounding the S region can be seen most clearly for terminal fragment HindIII-Q, although it can also be discerned for the terminal EcoRI fragments L and N. These subspecies appear to differ in size by approximately 600 to 700 base pairs. In the case of the AD169 strain of HCMV, we have also observed heterogeneity in the repeats bounding the L region. The terminal EcoRI fiagment W which maps entirely within the L repeats can be resolved into multiple subspecies differing in size by about 230 base pairs. The origin of this heterogeneity is currently under investigation in our laboratory.
The BglII and HindIII maps presented in this paper differ in several respects from those published by Westrate et al. (17; see Fig. 10 ) for the same strain of HCMV. These differences are most notable at the termini and the left half of the UL segment of the genome. In discussing the following differences, we will use our lettering scheme and refer to their corresponding letters in parentheses. For the HindIlI map:
(i) HindlIl fragment K (G) and not J (F) is a terminal fragment.
(ii) Westrate et al. (17) did not detect a HindIII terminal fragment comparable in molecular weight to our HindIII fragment Q. The HindIII fragment which they placed at one of the termini is comparable in molecular weight to our HindIII fragment V, which we have mapped in the Us region of the genome.
(iii) HindIlI terminal fragments K (G) and I (D) flank the UL segment and not the Us segment. Likewise, HindIII fragments H (E) and Q flank the Us segment.
(iv) Our orientation of HindIII fragments T (0), R (M), S (N), P (L), a (V), U (P), b (W), c (X), and L (I), which map in the left-hand region of the UL region, is a direct inversion of the orientation shown by Westrate et al. (17) .
(v) Likewise, our order of the HindIII fragments D (A) and E (C) in the middle of the UL region is a direct inversion of orientation shown by Westrate et al. (17) . (ii) There are four fragments and not three in the group J/KIL/M (F/G/H).
(iii) There is only one BgIII fragment of Mr 1.9
x 106 = X (S/S').
(iv) There is only one BglII fragment of Mr Muller, and J. Collins, submitted for publication) are in complete agreement with our maps.
The restriction endonuclease maps presented in this paper should form the framework for finestructure analysis of the HCMV genome and for further studies on the molecular biology of HCMV gene expression and replication.
